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Abstract—Flow properties of solids in an inclined standpipe were investigated while the solid particle was fed to the
bottom of a bubbling fluidized bed (diameter 0.1 m, 1.34 m tall) via the standpipe and discharged out of the bed
through the overflow exit. A group of K-based CO, adsorbent particles was used as solids. The pressure drop of the
fluidized bed, the height of solids bed in the standpipe, and flow rate of gas bypassing the fluidized bed through the
standpipe were measured at room temperature and pressure as varying the fluidizing gas velocity; solids flow rate, and
height of the overflow exit of fluidized solids. The pressure drop of the fluidized bed, the height of the solids bed in the
standpipe, and the ratio of gas bypassing through the standpipe to the total gas in flow rate decreased with increasing
the fluidizing gas velocity. Both the pressure drop of the fluidized bed and the height of the solids bed in the standpipe
increased a little with the solids feed rate. The effect of the solids feed rate on the flow rate of gas bypassing through the
standpipe could be ignored. The pressure drop of the fluidized bed and the height of the solids bed in the standpipe
increased as the height of the overflow exit for solids increased in the fluidized bed. However, the effect of the height of
the overflow exit on the flow rate of gas bypassing through the standpipe was negligible. Correlations on the pressure
drop of the fluidized bed, the height of the solids bed in the standpipe, and the flow rate of gas bypassing through the
standpipe were proposed successfully.
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INTRODUCTION

The cyclone is often used for separating solids and fluid, respec-
tively, out of the mixture of fluid and solids. Solids separated from
gas in the gas cyclone are lowered along the dipleg. If the dipleg is
connected to an isolated container, there is little gas flow upward
in the dipleg. In other case that the solids are transported to the
next process through the dipleg, which gas flow to the downstream
process or from the downstream process must be suppressed com-
pletely in order to maintain a high collection efficiency of the cyclone.
Although either the mechanical or non-mechanical valve is often
used for this purpose, any one cannot block the flow of gas at all
[1].

The atmospheric circulating fluidized bed (CFB) process that
uses K,CO; adsorbent for capturing CO, from the combustion gas
is composed of the adsorption tower (riser), the cyclone, the regen-
eration column (bubbling bed) [2,3]. Combustion gas containing
CO, is introduced into the riser as fluidizing gas. The adsorbent
particle is typically stored in the bubbling bed and is fed by grav-
ity to the bottom of the riser according to the flow rate at the given
K,CO,/CO, molar ratio. Particles adsorbing CO, and moisture in
the riser are transported by the combustion gas out of the riser,
separated from the gas in the cyclone and falling by gravity along
the dipleg into the bubbling bed. In the bubbling bed, adsorbent
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solids are regenerated releasing water and CO,. Then the solids
complete a turn of the external circulation loop [2,3]. The cyclone
of the riser and the freeboard of the bubbling bed in the loop are
maintained at the working pressure substantially equal.

Here are some considerations on the dipleg of the riser cyclone
of the CO, capture process. 1) To obtain a high collection efficiency
of the cyclone, the influx of gas from the regenerator to the cyclone
should be suppressed. It also needs to prevent the loss of captured
CO.. 2) Contrarily, the concentration of the captured CO, gas must
not be diluted by the cyclone gas being introduced into the regen-
eration column. 3) Therefore, unlike most of the standpipe [1,4-11]
the dipleg should avoid aeration from the outside. If it is needed,
the aeration using the captured CO, gas should be made into the
regenerator.

As a result, the hybrid dipleg [1,4,7,9], a combination of the ver-
tical and inclined tube, is used without any valve and aeration as a
dipleg that satisfies the above considerations. That is inserted through
the outer wall of the regeneration column and the solids bed mov-
ing downward suppresses the reverse flow of gas within the dip-
leg. The concerns in this dipleg are the rate of backflow gas and
the height of the solids bed, and the influencing variables are the
solids flow rate, the level of the solids inlet, and the fluidizing veloc-
ity within the regeneration column.

Youn and Choi [12] tested a similar standpipe located between
two-stage bubbling fluidized beds. The standpipe was connected
between the surface of the upper bed and the bottom of the lower
bed. The solids were continuously fed to the bed and discharged
out of the bed through the standpipe by overflow. Solids were first
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fed just below the surface level of the upper bed, but the solids
overflowing out of upper bed were fed to the bottom of the lower
bed via the first standpipe. The solids out of the lower bed were
sent to the storage hopper via the second standpipe. The exit gas
of the lower fluidized bed was fed to the upper bed as the fluidiz-
ing gas and there was no aeration into the standpipe. They exam-
ined the conditions in which the first standpipe was able to work
safely. They investigated the fluidizing velocity of the lower bed
when within the standpipe the gas punched the solids bed by push-
ing them back. However, they did not measure the gas flow rate
and the height of the solids bed within the standpipe at the veloc-
ity. Other similar studies were rare.

The purpose of this study was to investigate the flow properties
of solids in an inclined standpipe while the solid particle was fed
to the bottom of a bubbling fluidized bed via the standpipe and
discharged out of the bed by overflow. This process was designed
to simulate the flow characteristics within the dipleg placed under
the cyclone of the CFB riser of the CO, capture process mentioned
above. A group of K-based CO, adsorbent particles was used as
solids. Varying the fluidizing gas velocity, solids flow rate, and height
of the overflow exit of fluidized solids, we considered the height of
solids bed and gas flow rate in the standpipe and the pressure drop
of the fluidized bed at room temperature and pressure.
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Fig. 1. Flow diagram of the experimental setup.
1. Compressor 9. Solids-feeding standpipe
2. Filter 10. Ball valve
3. Mass flowmeter controller  11. Drain hopper
4. Bubbling fluidized bed 12. Data logging system with
5. Cyclone and loopseal pressure transducers
6. Bagfilter 13. Personal computer
7. Feed hopper 14. Gas-bypassing line with
8. Screw conveyor a rotameter
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EXPERIMENT

Fig. 1 shows the flow diagram of the laboratory-scale bubbling
fluidized-bed process used in this experiment. The process con-
sisted of an air supply system, a feed hopper, a screw conveyor, a
solids-feeding standpipe (50 mm-id., 60 degree-angled from the
horizontal plane), a bubbling fluidized-bed (Plexi-glass, 0.1 m-id.,
1.34 m tall), a cyclone, a loopseal, a bagfilter and a drain hopper.

The feed hopper was charged with solids and sealed from the
outside. The screw conveyor drew solids out of the feed hopper and
controlled the flow rate by the rotating speed of it. Solids descended
along the standpipe by gravity and flew into the lower part of the
fluidized bed (50 mm-height from the distributor level). A gas
outlet leading through a rotameter to the freeboard top of the flu-
idized bed was installed at the top of the standpipe (1 m-height
from the distributor level) for gas rising along the standpipe to
return to the fluidized bed. The gas flow rate was measured by the
rotameter. The returning gas line was to simulate the gas flow back
through the dipleg of the riser cyclone in the CO, capture process.

Air was supplied by a compressor, passed through a pressure
regulator, a filter and a mass flow meter controller; and was injected
through the plenum and the perforated plate (orifice diameter:
1 mm; number of orifices: 35) as fluidizing gas into the fluidized
bed at atmospheric temperature and pressure. The freeboard gas
containing entrained solids flowed into the cyclone through the
gas outlet at the top of the freeboard, and after being separated from
the solids in the cyclone was discharged to the atmosphere through
the bag filter. All of the separated solids were re-injected into the
fluidized bed through the loopseal and the amount of solids dis-
charged to the atmosphere with the gas was negligible. Solids in
the fluidized bed were discharged through the overflow drain out-
let and flew into the drain hopper by gravity. Solids outlets were
installed at three different heights (0.25, 0.4, 0.55m height from
the distributor level) to vary the depth of the solids bed over the
solids inlet. To measure the axial pressure distribution of the fluid-
ized bed, pressure taps were installed at various heights (—0.05,
0.05, 0.19, 0.89, 1.29, 1.34 m height from the distributor level). The
bed pressure drop was measured between 0.05m and 1.34m in

height.
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Fig. 2. Particle size distribution of particles.
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Table 1. Ranges of experimental variables

Properties Unit Range
Fluidizing velocity m/s 3u,,-15u,,
Solids feed rate g/s 1.89-8.25
Solids flux based on bed area kg/m’s 0.241-1.05
Solids flux based on standpipe area kg/m’s 0.963-4.20
Solids velocity based on standpipe area m/s 0.000963-0.00420
Vertical solids velocity based on standpipe area m/s 0.000834-0.00364
Height of overflow exit from distributor level m 0.25, 0.4, 0.55

Maximum solids flux in CO, capture process: 1.85 kg/m’s (based on regenerator area), 105 kg/m’s (based on standpipe area)

The solid particles were K-based adsorbents (apparent density:
1,770 kg/m’, bulk density: 1,000 kg/m’, specific surface mean diam-
eter (=1/(ZN (xi/d, ))): 0.0677 mm, see Fig. 2 for size distribution)
used in the CO, capture process [13]. The minimum fluidization
velocity was measured 0.0125m/s and the terminal velocity was
calculated 0.75 m/s at the mean diameter [14]. The experimental
method was as follows. Depending on the respective flow rates,
the fluidizing gas was first introduced, followed by the solids. After
filling the fluidized bed, solids overflowed out of the bed through
the solids outlet. After reaching steady state, pressure drop across
the fluidized bed, height of the solids bed within the solids-feed-
ing standpipe, and the gas flow rate through the standpipe were
measured as arithmetic mean values.

The fluidization velocity based on the total gas flow rate, the
solids feed rate, and the height of the overflow exit for fluidized
solids were considered as variables. Table 1 shows the range of each
experimental variable. In the regenerator of the CO, capture pro-
cess, the fluidization velocity was five- to ten-times the minimum
fluidization velocity (u,,), and the solids injection rate was about
1.85kg/m’s based on the regenerator’s cross-sectional area and
about 105 kg/m’s based on the standpipe’s cross-sectional area. The
range of fluidization velocity was set considering the actual pro-
cess velocity. However, because the apparatus of this experiment
was small, the solids flux based on the sectional area of the fluidized
bed was adjusted to be similar to the actual process value instead
of the solids flux based on the sectional area of the standpipe.

RESULTS AND DISCUSSION

Effects of gas velocity and solids feed rate were investigated while
the height of the overflow exit for fluidized solids was fixed at
0.55 m. Fig. 3(a) shows the change in the pressure drop across the
fluidized bed with increasing gas velocity at various solids feed
rates. The increase in gas velocity reduced the bed pressure drop.
Because the bed pressure drop is proportional to the amount of
solids, this means a reduction in the amount of solids in the bed.
The solids are transported upwards by the wake of the bubble and
discharged through the overflow exit by gravity. As the gas velocity
increases, the volumetric flow rate of the bubbles increases. Because
the volume of the bubble wake is proportional to the volume of
bubble [15], the rate of solids transport increases with increasing
gas velocity [16]. Therefore, the residence time and amount of sol-
ids in the bed decrease. Fig. 3(b) shows the change in the pressure
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Fig. 3. Pressure drop across the fluidized bed (height of overflow
exit for fluidized solids: 0.55 m): effects of (a) u/u,, and (b)
solids feed rate.

drop across the bed with increasing the solids feed rate at various
gas velocities. As the solids feed rate increased, the pressure drop
across the fluidized bed increased. When the gas velocity is con-
stant, the solids transportation rate by bubbles is almost constant.
Thus, as the solids feed rate increased, the residence time and
amount of solids in the bed increased. The bed pressure drop was
more influenced by the gas velocity than the solids feed rate.

Fig. 4(a) shows the change of height of the solids bed in the
standpipe where the fed solids were moving down as the gas veloc-
ity in the fluidized bed increased at various solids feed rates. The
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Fig. 4. Height of solids bed in the standpipe (height of overflow exit
for fluidized solids: 0.55 m): effects of (a) u/u,, and (b) sol-
ids feed rate.

solids in the standpipe were pushed into the fluidized bed by their
own head, the height of solids bed. The height of solids bed in the
standpipe decreased with increasing gas velocity. As shown in Fig.
3(a), the pressure drop across the fluidized bed decreased with
increase in fluidizing velocity. The effect reduced the static pres-
sure by the solids head at the height of the solids inlet in the fluid-
ized bed. Thus, the counter-head that should be built in the standpipe
for solids to get into the fluidized bed was reduced. In the stand-
pipe, the descending velocity of the solids increased with decreas-
ing the solids bed height. Fig. 4(b) shows the height of the solids
bed in the standpipe with increasing the solids feed rate at various
fluidizing gas velocities. The height of solids bed in the standpipe
increased as the solids feed rate increased. According to Fig. 3(b),
the pressure drop across the fluidized bed increased as the solids
feed rate increased. The effect increased the static pressure by the
solids head at the height of the solids inlet in the fluidized bed. It
also increased the solids head that should be built in the stand-
pipe for the solids to enter the fluidized bed. The solids-bed height
in the standpipe was more influenced by the fluidizing velocity
than the solids feed rate.

Bypassing the fluidized bed, part of the fluidizing gas flowed to
the freeboard through the standpipe in which the solids moved
down. Fig. 5(a) shows the flow rate of the gas bypassing the fluid-
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Fig. 5. Flow rate of gas bypassing through the standpipe (height of
overflow exit for fluidized solids: 0.55 m): effects of (a), (c) u/
u,,cand (b) solids feed rate.

ized bed as the fluidizing velocity increased while the solids flow
rate was held constant. As the fluidization velocity increased, the
bypass gas increased at the ratio of the gas velocity to the mini-
mum fluidizing velocity (u/u,,) less than 5, and almost levelled off
at u/u,, greater than 5 (0.7-0.9 //min; 1.17x107°-1.50x10"" m’/s; ver-
tical superficial velocity based on cross section: 0.00515-0.00662
m/s). Gas bubbles were also observed rising up along the upper
portion of the standpipe in cross section [4,7]. Fig. 5(b) shows the
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change in the flow rate of bypassing gas with increasing solids feed
rate when the fluidizing velocity was held constant. The flow rate
of bypassing gas remained almost constant, and the effect of the
solids feed rate could be neglected. On the basis of the standpipe
cross section, the vertical velocity of descending solids ranged from
0.000834 m/s to 0.00364 m/s (see Table 1) and the relative velocity
of gas to solids from 0.00598 m/s to 0.0102 m/s, less than the min-
imum fluidization velocity (0.0125m/s) of solids. It was believed
that the solids were in the fixed bed state or partially in the mini-
mum fluidized state when bubbles appeared.

The pressure loss of the gas due to friction at the walls of the
fluidized bed and the standpipe could be almost neglected, and
then the pressure loss in both channels of the fluidized bed and the
standpipe was mainly due to friction in the solids bed. The pres-
sure drop in both channels, ie., the driving force of the fluid flow,
was the same, and the gas flow rate of each channel was determined
to a value satisfying this pressure drop by equilibrium among both
gas flow rates and the pressure drop. When the gas velocity in-
creased in the fluidized bed, the pressure drop across the fluidized
bed decreased (Fig. 3(a)). At the same time, the solids bed height
in the standpipe decreased (Fig. 4(a)), but the descending velocity
of solids increased. However, the flow rate of the bypassing gas did
not increase continuously in proportion to the fluidizing gas veloc-
ity, but stopped its increasing trend (Fig. 5(a)). As a result, at the
ratio of u/u,,, greater than 5, it was inferred that the flow rate of
the bypassing gas was kept constant because the increase in the
solids flow rate suppressed the gas flow rising in the standpipe [1].
However, the ratio of the bypass gas to the total gas in flow rate
decreased consistently as the fluidization velocity increased (Fig.
5(c)).

The effect of overflow-exit’s height of fluidized solids was inves-
tigated while the solids feed rate was set at 4.01x10° kg/s. Fig. 6
shows the pressure drop across the fluidized bed obtained by vary-
ing the exit height at various gas velocities. As expected, the pres-
sure drop across the bed increased with the exit height. This was
because the increase in the height to which the solids should be
carried over by bubbles increased the residence time and then the
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Fig. 7. Effects of u/u, and height of overflow exit for fluidized sol-
ids on height of solids bed in the standpipe (solids flow rate:
4.01x10 kg/s).

amount of solids in the fluidized bed.

Fig. 7 shows the height of the solids bed within the standpipe
obtained by varying the height of overflow exit at various gas veloc-
ities. As the exit height increased, the height of the solids bed in
the standpipe also increased. This was because the bed pressure
drop increasing with the exit height (Fig. 6) enhanced the resis-
tance to the solids entering the fluidized bed. In order for the sol-
ids, their own bed height in the standpipe producing the potential
head to push themselves into the fluidized bed should be increas-
ing (Fig. 4).

Fig. 8 shows the flow rate of bypassing gas obtained by varying
the exit height of fluidized solids while the fluidizing gas velocity
was held constant. The effect of the exit height on the flow rate of
the bypassing gas appeared small. As the exit height increased, the
height of the solids bed in the standpipe also increased propor-
tionally (Fig. 7). As a result, the resistance to the flow of bypassing
gas increased, so the change in its flow rate was insignificant.

Based on the experimental results, the correlations on pressure
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Fig. 8. Effects of u/u,,cand exit height of fluidized solids on flow rate
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drop across the fluidized bed, height of solids bed in the standpipe,
and flow rate of gas bypassing the standpipe were obtained as fol-
lows.

1.755 ~0.03089 —-0.1151

APpea=7681h;""G; oy Q> *=0.9941 (1

h,,=0.5105h; G0 q, ", *=0.9861 Q)
¥,=0.09036h," G0 Py, £=0.9532 3)

In Egs. (1) to (3), Apy. is pressure drop of the fluidized bed [Pa],
h, overflow-exit height of fluidized solids [m], G,y solids flux
based on area of the fluidized bed [kg/m’s], q, volumetric bubble
flux based on total gas flow rate and the area of the fluidized bed
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[m/s], h,; static bed height of solids in the standpipe [m], y, ratio of
bypass gas to the total gas in flow rate [-], G, , vertical solids flux
in the standpipe [kg/m’s], and y, fraction of gas flowing in the emul-
sion phase of fluidized bed [-]. The q, and y, were written as the
following relations [16].

qb —u— uOA62u(r)r5r8 (4)
um 0.38
r=(3) ®

Eq. (3) indicates that the flow rate of bypassing gas is dominated
by the flow rate of emulsion gas in the fluidized bed.

Gravity is the main driving force that causes the solids in the
standpipe to flow down. When the height of the solids bed is the
same, the inclined standpipe is smaller in vertical component of
gravity acting on the solids bed in the standpipe than in the verti-
cal one. However, this study was carried out on small-scale equip-
ment for the purpose of basic research on the experimental results
to investigate the influence of operating variables other than the
specification of the equipment, such as column diameter, stand-
pipe diameter and angle of the standpipe. Thus, Egs. (1) to (3) are
applicable for the same size and geometry of the equipment in fol-
lowing ranges: 0.0375<u[m/s]<0.188, 0.14<G,,; [kg/m’s]<1.05,
0.834<G, ,, [kg/m’s]<3.69, 0.25<h, [m]<0.55. Further studies are
needed to investigate the effects of various equipment specifications.

Fig. 9 shows the comparison of the values predicted by correla-
tions with the values measured in experiment. As shown in the
figure where the average relative deviations (ARDs) defined by Eq.
(4) are denoted, the correlations were in good agreement with the
measured data.

N Ymea — Ym
Z O Y e ,I)i

ARD = ———— ©)
In Eq. (6), N is the number of data, i the data number, Y,,,,, the meas-
ured value, and Y, the value calculated by the correlation.

CONCLUSIONS

Both the pressure drop of the fluidized bed and the height of
the solids bed in the standpipe decreased with the fluidizing gas
velocity. The flow rate of gas bypassing through the standpipe
increased with the fluidizing gas velocity that was less than 5u,,;
however, it levelled off at the fluidizing velocity greater than 5u,,.
Both the pressure drop of the fluidized bed and the height of the
solids bed in the standpipe increased with the solids feed rate, of
which effect was smaller than that of the fluidizing velocity. The
ratio of bypass to total gas in flow rate decreased exponentially
with the total gas flow rate. The effect of the solids feed rate on the
flow rate of gas bypassing through the standpipe could be ignored.
The pressure drop of the fluidized bed and the height of the sol-
ids bed in the standpipe increased with the height of the overflow
exit for fluidized solids. However, the effect of the height of the
overflow exit on the flow rate of gas bypassing through the stand-
pipe was negligible. Correlations on the pressure drop of the fluid-
ized bed, the height of solids bed in the standpipe, and the flow rate
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of gas bypassing through the standpipe were proposed successfully.
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NOMENCLATURE

d, :particle diameter or specific surface mean diameter [m]

G, peq : solids flux based on area of the fluidized bed [kg/m’s]

G,y :vertical solids flux in the standpipe [kg/m’s]

h,  :overflow-exit height of fluidized solids [m]

h,  :static bed height of solids in the standpipe [m]

N  :number of data [-]

Apyeq : pressure drop of the fluidized bed [Pa]

qy  :volumetric bubble flux based on total gas flow rate and the
area of the fluidized bed [m/s]

u  :fluidizing gas velocity based on total gas flow rate [m/s]

u,; :minimum fluidizing gas velocity of solids [m/s]

Y  :value [Pa, m, m¥/s]

y.  :fraction of gas flowing in the emulsion phase of fluidized
bed [-]

Y,  :ratio of bypass gas to the total gas in flow rate [-]

Subscripts
cal :calculated [-]
i : data number [-]

mea :measured [-]
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